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ABSTRACT 

Devolatilization of a subbituminous coal has been investigated 
in a laboratory fixed bed gasifier, by contacting the coal with a 
reactive gas mixture similar to that entering the devolatilization zone 
of a commercial gasifier. Two particle sizes of feed coal PSOC-241 
(-2,+1 and -4,+3 m) at a single reactor pressure (30 psig) were 
evaluated, in the temperature range 350 to 550 C. The tars evolved were 
characterized by capillary gas chromatography and gel permeation 
chromatography. The tar and gas evolutions are described in terms of 
concentration and pressure profiles, through considerations involving 
diffusion and pore structure. The overall devolatilization rates are 
evaluated through the unreacted shrinking core model. 

INTRODUCTION 

In coal gasification, the objective is to increase the calorific 
value of the original raw fuel by removing the unwanted constituent, 
viz., ash, and also to produce a fuel which is cheaper to transport, 
handle and utilize. will be limited to a Lurgi 
type fixed bed coal gasifier. Figure 1 [l] shows a schematic diagram of 
a Lurgi fixed bed gasifier. At the present state of technology, 
reliable engineering data are available on the gasification and 
combustion zones and can be readily applied to the design of a fixed bed 
gasifier. This is not the case with the devolatilization zone and no 
systematic study of the devolatilization phenomenon in the range of 
operating parameters for a fixed bed gasifier, has been reported in 
literature. Thus, it becomes necessary to conduct experimental and 
modelling work on the devolatilization behavior of coals, as influenced 
by particle size, pressure, temperature and a reactive gas environment 
[2]. Such devolatilization st.udies on a laboratory scale fixed bed 
gasifier form the main objecti,*re of the work described here [3 ] .  The 
operating conditions for these studies are selected based on whatever 
data are available in the literature on fixed bed gasifiers, the 
approach being to simulate the conditions existing in the 
devolatilization zone of a fixed bed The composition of the 
reactive gases entering the reactor is approximated to that entering the 
devolatilization zone of a fixed bed gasifier in practice. The 
residence time for the flow of reactive gases through the coal bed is 
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se lec ted  t o  be maintained a t  5 seconds f o r  a l l  the runs. The r e s u l t s  
obtained from the d e v o l a t i l i z a t i o n  of a subbituminous c o a l ,  PSOC-241. a t  
30 p s i g  (0.308 MPa) Two p a r t i c l e  
s i z e s  of  feed c o a l  were evaluated: (-2,+1) mm and (-4,+3) mm. Reaction 
temperatures used were 350, 450 and 550 C. The H2/CO mole r a t i o  i n  the 
feed gas was maintained a t  2.5. The durat ion of a d e v o l a t i l i z a t i o n  run 
was 5, 10, 20 or 30 minutes.  

reac tor  pressure a re  presented here .  

EXPERIMENTAL 

A schematic representat ion of  the experimental set-up is shown 
i n  Figure 2. The f ixed  bed reac tor  used f o r  conducting the 
d e v o l a t i l i z a t i o n  s tudies  was a 4.1 cm i . d .  x 72 cm long 316 s t a i n l e s s  
s t e e l  tube provided with a wire mesh grid(0.25 m opening), loca ted  4 cm 
from the bottom, t o  hold the  coal and char i n  the reac tor .  The reac tor  
was placed v e r t i c a l l y  ins ide  a furnace body. The graded coal  sample was 
introduced i n t o  the reac tor  from the top under grav i ty  by means of a 
Swagelok-type nut  and feed pipe arrangement. Based on the  reported 
g a s i f i c a t i o n  r a t e s  i n  a Lurgi type a i r  blown g a s i f i e r  [1 ,4]  i t  was 
ca lcu la ted  t h a t  the en ter ing  gas environment i n  the d e v o l a t i l i z a t i o n  
reac tor  should approximately have the following composition by volume: 
Gas H2 CO C02 CH4 N2 02 Steam Total  
Volume% 18 7 14 4 25 2 30 100 

Individual  gases  were drawn from compressed gas cy l inders  and 
mixed together  with steam i n  a steam tube. The r o l e  of  the steam tube 
was t o  convert feed water i n t o  steam, mix and preheat  the  steam-gas 
mixture t o  the des i red  d e v o l a t i l i z a t i o n  temperature. The steam tube was 
a 316 s t a i n l e s s  s t e e l  tube(l .5  cm i .d .  X 30 cm long) ,  f i l l e d  with i n e r t  
c a t a l y s t  support beads (3  m diameter, alumina content=99% by w t .  min; 
s i l i c a  content  =0.2% by w t .  max: surface area=0.3 sq.m/gm; Norton 
Chemical Company) and was placed ins ide  a small e l e c t r i c  furnace.  The 
feed gas stream entered the coa l  bed through a gas d i s t r i b u t o r  located 
a t  the bottom of the reac tor .  A high pressure back pressure regulator  
a f t e r  the  condensers was used t o  maintain the des i red  pressure i n  the 
reactor  system. The hot gases leaving the reac tor  from the  top were 
laden with the t a r  generated ins ide  the reactor :  i n  order  t o  
quant i ta t ive ly  c o l l e c t  the t a r  and steam condensate, a double pipe heat 
exchanger was used as a condenser. Cooling water was c i r c u l a t e d  through 
the outer  annulus and the t a r  laden gases were passed through the inner  
tube. Three such condensers (6mm i .d .  X 40 cm long) were used i n  series 
t o  condense most of  the t a r s .  A high pressure g l a s s  f i b e r  f i l t e r  was 
used a f t e r  the condensers a s  a f i n a l  t r a p  f o r  the t a r  p a r t i c l e s .  After  
the completion of a run, methylene chlor ide was used as  a solvent  t o  
wash down the condensers and the l i n e s ;  dissolved t a r s  and water phase 
were then co l lec ted  from the  bottom of the condensers. The y i e l d  of t a r  
was measured i n  gm of t a r  per  100 gm of coa l  fed  t o  the reac tor .  A 
Hewlett Packard 584011 gas chromatograph (with a 30 m long SE type 30 
glass  c a p i l l a r y  column and a flame ioniza t ion  de tec tor  ( F I D ) )  was used 
t o  quant i ta t ive ly  determine the species  present  i n  the  t a r  samples. 
Area v s  concentrat ion curves for  30 s tandard species  i n  methylene 
chlor ide were prepared. The species  f o r  s tandardizat ion were se lec ted  
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based on the publ ished l i t e r a t u r e  [5] .  The molecular weights of t a r  
samples were determined with a Waters Associates HPLC system. The 
columns used were 100 A and 500 A Ult ras tyrage l ,  made by Waters 
(columns: 7.8 nun i .d .  X 30 cm long) .  The c a r r i e r  solvent  was 
te t rahydrofuran (THF) and a W detec tor  was used f o r  absorption 
measurements. Polystyrene s tandards of  known molecular weights were used 
t o  prepare a molecular weight vs  e l u t i o n  volume curve. 

The gas samples co l lec ted  a t  5 ,  10, 20 and 30 minutes from the 
sampling cy l inders  during the d e v o l a t i l i z a t i o n  run were analyzed for  
individual  components. The permanent gases - C02, CO, and 02 - were 
analyzed on a CARBOSIEVE 53 column and the  hydrocarbon gases were 
analyzed on a PORAPAK R column. Both the columns were f i t t e d  on t o  a 
Hewlett Packard gas chromatograph 58408 equipped with an ECD detector .  A 
MOLECULAR SIEVE 5A column was used on a Carle gas chromatogarph 111H, 
equipped with a TCD de tec tor  t o  analyse N2 
was obtained by d i f fe rence .  A t  the  end of  a 5, 10,  20 and 30 minute 
run,  the reac tor  was quenched i n  water and the  char  was removed and 
weighed. 

the H2 i n  the gas samples. 

RESULTS AND DISCUSSION 

Chemical Analyses of Coal 
Sample 

Table 1 gives  the proximate and ul t imate  analyses of the 
subbituminous c o a l ,  PSOC-241. The c o a l  sample was ground t o  minus 200 
mesh U.S. The analyses 
were performed by the Continental Test ing and Engineering Company, 
Vancouver, B.C., Canada. From these analyses ,  the value for  the ul t imate  
y i e l d  of v o l a t i l e s  was obtained as  50.07% of coa l ,  t o  be used l a t e r  i n  
the  k i n e t i c  models. In order t o  determine the e f f e c t  of the durat ion of 
the  d e v o l a t i l i z a t i o n  run on the t o t a l  weight loss, some se lec ted  
d e v o l a t i l i z a t i o n  runs were conducted f o r  durat ions of 60 minutes and i t  
was observed t h a t  there  was no addi t iona l  weight loss a f t e r  30 minutes 
from the  s t a r t  of the  run. A t  550 C ,  the  maximum weight loss occured 
equal t o  49% o f  feed  coal  sample weighing 100 gm. 

s ieve  s i z e  and equi l ibra ted  t o  room condi t ions.  

!muerature on I 5 devolat j  

A. Devola t i l i z  a t i o n  

Effect  of Temperature 

The p r i n c i p a l  e f f e c t  of i z a t  ion 
phenomenon is' the decomposition of the  organic s t r u c t u r e  of coa l  t o  
y ie ld  water ,  hydrogen, methane, oxides of carbon and hydrocarbons. 
Consider t h e  da ta  on weight l o s s  and mm 
and (-4,+3) mm s i z e  coa l  as  shown i n  Tables 2 and 3. The weight l o s s  i s  
maximum a t  550 C and is the l e a s t  a t  350 C. This confirms the e a r l i e r  
observation repor ted  i n  l i t e r a t u r e  about the nature of pyro lys i s  of 

t a r / g a s  y ie lds  f o r  the (-2,+1) 
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coal. At 350 C, the free moisture in the coal is removed and a small 
amount of tar is produced, which indicates that at this temperature, the 
majority of the coal chemical structure is still intact. At 550 C. most 
of the devolatilization as indicated by 
no additional weight loss during some runs conducted upto 60 minutes 
duration. 

is completed around 30 minutes 

A plot of the distribution of molecular weights of tar samples 
is shown in Figure 3. From this it is clear that the fraction of 
evolving tar having molecular weight of about 300 units decreases as the 
run is continued. This can be attributed to the physical de- 
polymerization of similar structures or the chemical cracking of a 
species to lower molecular weight as it is exposed to temperature for 
longer times. 

The volumetric rate of evolution for all gases (Figures 4 and 5) 
shows a peak around 5 minutes from the start of a run and the rate then 
tapers off to zero around 30 minutes. In general, the rate of evolution 
for all gases is higher at higher temperature of reaction, 1.e. 550 > 
450 > 350 C ,  for all particle sizes. 

Effect of Particle Size 

The runs at 30 psig reactor pressure in the reactive gas 
atmosphere did not weight loss for 
the two particle sizes of coal studied, at 550 C. For the (-2,+1) m 
coal, the yield of tar at 30 minutes increased with temperature as shown 
in Table 3; whereas for the (-4,+3) nun coal, the yield of tar showed a 
maximum at 450 C, as shown in Table 2. This can be attributed to the 
cracking of tar at 550 C, resulting in reduced yield of tar at 550 C as 
compared to that at 450 C. Figure 6 shows the total weight loss and tar 
yield data for the two particle sizes. The tar molecules have longer 
residence time within the larger coal particles and hence the former are 
amenable to dissociation by cracking. The next section shows how the 
internal pressure build-up and tar concentration within the coal 
particle also increase with the particle size. 

exhibit any difference in the total 

B. Hathematical Models for Devolatilization 

Single First Order Reaction 
node1 

The earliest approach to the mathematical description of the 
devolatilization phenomenon was that of Pitt (1962) [6] who proposed a 
simple first order rate expression for the overall rate of evolution of 
volatiles: 

U) - =  dV -kV 
d t  

Anthony and Howard (1976) [7) have pointed out that this is an over 
simplified description and the literature values for the activation 
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energy vary from as law as 4 kcal/rnol to as high as 55 kcal/mol. This 
observation can be explained partly as being dependent on the type of 
the experimental set-up and operating variables, but mainly stems from 
the fact that when a series of parallel first order reactions are forced 
to be represented by a single reaction, very low values for the 
activation energy are bound to be obtained. In that respect, this 
representation is purely arbitrary but sometimes it has the ability of 
describing the observed rate process. Also, since there is often a 
limitation on analyzing the different chemical species quantitatively, 
such a simplified approach does have some merit. The values of 
activation energy and frequency factor for the subbituminous coal 
studied were: 11.4 kcal/mol and 0.554.l/sec for the (-2,+1) mm size 
coal; and 3.9 kcal/mol and 0.005 l/sec for the (-4,+3) nun size coal 
respectively. These indicate that although primary devolatilization 
involves organic reactions which have activation energy of the order of 
50 kcal/mol, the first order approximation yields a very low overall 
value. Thus, it will be inappropriate to conclude from these low values 
that the devolatilization phenomenon is purely diffusion controlled. Of 
course there is a significant resistance to diffusion of volatiles 
through the ash layer, which will be evaluated later. A cross reference 
to the literature indicates that Shapatina et al., (1960) [ 8 ]  have 
reported very low values for activation energy, viz., between 1 and 4 
kcal/rnol. 

Unreacted Shrinking Core Model 

This model was tested with the experimental data from the 
PSOC-241 subbituminous coal. The runs were conducted at 30 psig reactor 
pressure and in a reactive gas atmosphere. Two particle sizes of coal 
were used: (-4,+3) and (-2,tl) mm. The governing equation for this 
model is: 

Fluid film resistance control 

Equation (3) gives the necessary relation for fractional 
conversion of coal, for this case: 

(3)  3 3  
' J R p  t "  * R C 13kdtCA9,, ~ X = l -  

tit* = x ,  P so 
Based on equation (3). X, the fractional conversion of coal to volatiles 
was plotted against the reaction time. Figure 7 shows the data for 
(-2,+1) TII particle size, at 30 psig and reaction temperatures of 350, 
450 and 550 C. The data points fall on straight lines, but since these 
lines do not pass through the origin, it is logical to assume that there 
is not significant resistance to diffusion in the gas film around the 
particles. Similar conclusions are arrived at for (-4,+3) mm size coal, 
as shown in Figure 8. 
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Ash layer diffusion control 

Equation (4) ives the necessary relation in this case: t/k & 51 [ I - ~ ( I - x )  273 i- 2(1-5,)?J , t*=dR;C%/6DeACAb ( 4 )  

Based on equation (4). [1-3(1-X) + 2(1-X)] was plotted against time, as 
shown in Figures 9 and 10. It appears that there is some resistance to 
diffusion within the ash layer and this will be examined further through 
equation (6). 

Chemical reaction control 

(5 ) 
Based on equation (5). as shown in 
Figures 11 and 12. These curves also Indicate that there could be some 
reaction control on the progress of the coal devolatilization. This will 
also be further examined through equation (6). 

[l-(l-Xfi was plotted against time, 

Ash layer diffusion versus 
chemical reaction control 

Equation (6) gives the modified version of equation (4) as: 

1/3 t/t'=[) -(I-%) 1 , t = ~ C s ~ R p / 2 C A - & ~ '  
ln[l-(l-X)] was plotted against ln[t] as shown in Figures 13 and 14. 
Since the slopes of these lines are greater than two, it can be 
concluded tnat the ash layer offers the most of the resistance to the 
progress of coal devolatilization. This is further confirmed from 
Figure 15, where k / R p  is plotted against t/t* as suggested by 
Levenspiel (1972) [lo]. From this figure it is seen that the curve shows 
a point of inflection on the 135 degree dotted line (joining the points 
( 0 , l )  and (l,O)), indicating that ash layer controls the progress of the 
reaction. 

113 2 8 a 
( 6 )  

It must be pointed out at this stage that the above model is 
only 'phenomenological' and does not take into account the actual 
intrinsic chemical reactions. The numerous chemical species involved in 
devolatilization have been lumped into one hypothetical specie for the 
sake of mathematical simplicity and due to lack of detailed information 
on chemical structure. Thus this model is more qualitative in nature for 
this type of gas-solid system: it, however is quite informative. 

Intraparticle Diffusion Model 
for Subbituminous Coal [ll] 

This model has been described by Gavalas (1982) (111. It 
describes the concentrations of tar and gas inside the coal particle as 
a function of radial position, temperature, pressure and experimental 

I 
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yie lds  of t a r  and gas .  The p r inc ipa l  equations describing t h i s  model 
arc: 

The a n a l y t i c a l  s o l u t i o n  of these equations gives the dimensionless 
pressure build-up a s  : 

The parameter ' A '  i n  t h i s  model depends on bulk pressure outside the 
p a r t i c l e s  and on t h e  temperature of the reac t ion .  The parameter 'E' 
depends on t h e  square of the p a r t i c l e  radius .  The d i f f e r e n t i a l  
equations descr ib ing  the va r i a t ion  of t a r  and gas concentrations within 
the coa l  p a r t i c l e  were solved on ACSL (Advanced Computer Simulation 
Language) and the following p l o t s  were made: The dimensionless pressure 
build-up, wi th in  the coa l  p a r t i c l e  is p l o t t e d  aga ins t  the parameter A i n  
Figure 16. This p l o t  ind ica tes  t ha t  the pressure build-up i s  higher f o r  
larger  p a r t i c l e s .  A p l o t  of t a r  mole f r a c t i o n  within the p a r t i c l e  
aga ins t  the r a d i a l  p o s i t i o n  is  shown i n  Figure 17. A p l o t  for the  t a r  
concentration a t  t h e  center  of the coa l  p a r t i c l e  with respect t o  
parameter A (which i s  a measure of the t o t a l  pressure on the system), i s  
shown i n  Figure 18. This figure shows t h a t  f o r  the pressure range 
inves t iga ted  i n  the runs (30 - 375 ps ig)  [ 3 ] ,  the t a r  concentration is  
l e s s  s e n s i t i v e  t o  pressures  upto 300 psig.  A l s o ,  from these p l o t s  it 
can be seen t h a t  a t  a given pressure,  the t a r  concentration increases  
w i t h  p a r t i c l e  s i ze .  

CONCLUSIONS 

The coa l  devo la t i l i za t ion  experimentation reported herein 
involves r e a l i s t i c  s i z e s  of coa l ,  and a reac t ive  gas environment, a s  
postulated to  be a L u r g i  f ixed 
bed g a s i f i e r ,  opera t ing  a t  a given pressure and temperature. No such 
work has  been repor ted  on a macrosample of coa l  and hence the r e s u l t s  
from t h e  present  work should be more meaningful. The conclusions t o  be 
drawn from the r e s u l t s  presented a r e $  

present  i n  the devo la t i l i za t ion  zone of 
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1. Devolatilization of coal is influenced by the operating variables. 
2. I h C  peak i n  molecular veight for the tar generated is around 300. 
3. the overall rate of devolatilitation 
docs not adequately describe the phenomenon. 
4. The resistance to diffusion of tar out of the coal particle in the 
ash layer constitutes a major controlling mechanism in coal 
devolatilization. 
5. Pressure build-up and tar concentration inside the coal particle both 
increase vith particle s i re .  

A first order approximation of 
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NOTATION 

0 

A 

A' 

B 

'AI0 

cG 

'so 

cT 

DeA' 

DGT 

DIK* 

D i K  

E 

ks ks 

k0 

kmAl 

PO 

P 

radius of coal particle, a 

dimensionless parameter 

component in the gas phase 

dimensionless parmrter 

bulk concentratim of A ' ,  gmol/cm 

Concentration of gas evolvtd, a o l / a  

initial concentration of S. gmouan3 

concentration of tar evolved, gm01/cm3 

effective diffusivity of A ' ,  m2 /sec  

binary diffusivity, aP2/sec 

Knuds.cn diffusivity of the ith component, an2/sec 

effective Knudsen diffusivity of the ith component, an2/sec 

activation energy. Ircal/mol 

reaction rate constant, l/sec 

frequency factor, l/sec 

gas f i h  mass transfer coefficient, cm/sec 

pressure, a m  

total bulk presssure, atm 

3 

3 

I 

J 
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r 

r 

R 

R 

S 

t, t 

T 

V 

W 

P 

* 

atmospheric pressure,  atm 

r a d i a l  pos i t i on  within the  coal  p a r t i c l e ,  

rad ius  of unreacted core, 

gas cons t an t ,  cal/gmol. K 

rad ius  of coa l  p a r t i c l e ,  an 

component i n  the so l id  phase 

time, Sec 

temperature, K 

y i e l d  of v o l a t i l e s ,  gm 

f r a c t i o n a l  pressure  build-up 

mole f r a c t i o n  of t a r  evolved 

mole f r a c t i o n  of gas evolved 

f r a c t i o n a l  conversion 

s to ich iometr ic  coef f ic ien t  

r a t e  of evolution of tar, Bm/gm,sec 

r a t e  of evolu t ion  of gas. d ~ m - s e c  

permeabili ty of coal 

v i s c o s i t y  of gaseous mixture, an /see 

voidage 

2 
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Table 1. Chemical Analyses of Coal SuPple 

...................................................... 
Subbituminous Coal (PSOC-241) 
Proximate Analysis Ultimate Analysis 

% Hoisture 10.81 0 Carbon 66.17 
% A8h 6.24 % Hydrogen 4.53 
% Volatiles 39.26 % Nitrogen 1.09 
% Fixed Carbon 43.69 % Chlorine 0.01 

0 Sulphur 0.39 
100 .oo % Bsh 6.25 ------ % oxygen 21.54 

100.00 
-__--_ Btu/lb 9941 

free svelling index = 0 ------ --_-_____-____---_------------------------------------ 
Table 2. Volatilcs, Tar and Gas Yields: PSOC-241 coal, (-4.+3) 

mm;rcactor @ 30 psigjrsactive gas + steam mixture 
_-_______-__-_____-_-------------------- 
Total Volatile Yield, gn 
min 30 20 10 5 
550 C 43.0 41.7 38.0 36.3 
450 C 36.4 34.9 29.8 26.7 
350 C 26.0 22.2 20.7 15.7 

Tar Yield. ~ I O  
min 30 20 10 5 
550 C 1.75 1.07 0.77 0.31 
450 C 2.17 0.89 0.80 0.74 
350 C 0.75 0.53 0.45 0.28 

Gas Yield, p 
min 30 
550 C 13.7 
450 C 18.3 
350 C 6.3 

........................................ 

_-__-_-___-__--___---------------------- 

Table 3. Volatiles, Tar and Gar Yields: PSOC-241 coal, (-2,+1) 
m;reactor @ 30 psigjrcactive gas + steam mixture 

__-_--___-__-------_____________L_______-- 

Total Volatile Yield, gm 
min 30 20 10 5 
550 C 42.9 42.2 37.1 35.8 
450 C 37.0 36.8 33.5 31.9 
350 C 24.0 23.8 23.4 21.5 

Tar Yield, ~ I O  
min 30 20 10 5 
550 C 1.90 1.3 0.85 0.64 
450 C 1.41 1.17 1.05 0.55 
350 C 0.82 0.65 0.4 0.3 

Cas Yield, QUI 
min 30 
550 C 19.7 
450,C 7.3 
350 C H.A. 

.......................................... 

-_____-_-__-_I-___------------------------ 

--________-___________I_________________-- 
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FIG. 14 - ASH LAYER RESISTMCE CONTROL, TYPE 11’ 
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